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ABSTRACT: Adsorption properties of organoclay have been investigated for decades focusing on the morphology and
physicochemical properties of two-dimensional interlayers. Experimental studies have previously revealed that the adsorption
mechanisms depend on the molecular species of the organocation and adsorbate, making it difficult to estimate the adsorbed amount
without experiments. Considering that the adsorption of aromatic compounds has been reported by using various clays,
organocations, and adsorbates, machine learning is a promising method to overcome the difficulty. In the present study, we collected
adsorption data from the literature and constructed models to estimate the adsorbed amount of the organoclay by random forest
regression. The composition of the clay, molecular descriptors of the organocation and adsorbate obtained by the RDKit, and
experimental conditions were used as the explanatory variables. Simple model construction by using all the experimental data
resulted in low R2 and a mean absolute error. This problem was solved by the correction of the adsorbed amount data by the
Langmuir or Freundlich equation and the following model construction at various equilibrium concentrations. The plots of the
adsorbed amount estimated by the latter model were located close to the corresponding adsorption isotherm, while that by the
former was not. Thus, it was revealed that the adsorbed amount was estimated quantitatively without understanding the adsorption
mechanisms individually. Feature importance analysis also revealed that the combination of the organocation and adsorbate is
important at high equilibrium concentrations, while the clay should be selected carefully as the concentration gets lower. Our results
give an insight into the rational design of the organoclay including the synthesis and adsorption properties.

1. INTRODUCTION
Estimation of adsorption properties including the maximum
adsorption amount and selectivity is significant in materials
design. Two- or three-dimensional inorganic materials such as
layered clay mineral, zeolite, and metal−organic frameworks
have extensively been developed due to their robustness and
adsorption selectivity.1−3 Numerous adsorption experiments
have revealed that the morphology of the host material and its
molecular modification are keys to improving the adsorption
properties.4−11 For example, the pore size is definitely
important in zeolite and metal−organic frameworks from a
viewpoint of adsorption selectivity. The modification by amine
is effective for CO2 adsorption because both chemisorption
and physisorption take place. In the adsorption property, the
adsorbed amount is one of the simplest parameters and can be
measured experimentally. However, it is difficult to estimate
the adsorbed amount theoretically on the basis of the
composition of the composite.
Layered clay minerals, especially smectites, are representa-

tive adsorbents because of their natural abundance.8,12,13

Montmorillonite is a well-known natural and commercially
available smectite, which consists of negatively charged
aluminosilicate layers and interlayer cations such as Na+ and
K+ for charge compensation. The negative charge of the layer
generally originates from isomorphous substitution of Si4+ or
Al3+ to Al3+, Mg2+, or Fe2+. Because the interlayer cation is
exchangeable, its amount is equal to the cation exchange
capacity (CEC, hereafter). For application to the adsorption
material, the interlayer is often modified by exchange of the
interlayer cation with an organocation, which endows the
interlayer with hydrophobicity. In this exchange reaction,
quaternary ammonium ions such as trimethylphenylammo-
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nium ion and hexadecyltrimethylammonium ion are often
introduced into the interlayer. The obtained nanocomposite is
called organoclay and adsorbs aromatic compounds from
water.14−33 Because the adsorption properties of the organo-
clay depend on the interlayer environment, various host clays
with different compositions and CEC have hitherto been used
as well as the organocation.5,14,16,25

Comparison of adsorption isotherms has suggested that the
adsorbed amount in the organoclay is determined by the
following three structural or physicochemical character-
istics:14,19,22,27,34−36 the first is the interaction between the
adsorbate and the clay layer or organocation because the
adsorbate is supposed to be stabilized by attractive interactions
in the interlayer. Spectroscopy is a promising method to
investigate the interaction, but in situ measurement of the
interlayer has not been accomplished with sufficient special
resolution. In addition, water is also intercalated in liquid-state
adsorption, making the structural analysis more difficult. The
second is the solubility of the adsorbate in water. The
hydrophobic adsorbate is adsorbed in the organoclay more
easily than the hydrophilic adsorbate because the introduction
of the organocation makes the interlayer of the organoclay
hydrophobic. The last is the gallery height of the organoclay.
The adsorbate is believed not to be intercalated if the gallery
height is not sufficiently large by the pre-intercalation of the
small or planar organocation. However, similar to the
interaction in the interlayer, it is difficult to determine the
gallery height of the organoclay immersed in water by the
conventional experimental technique. The swelled gallery
height has recently been measured by transmission X-ray
diffraction, but few cases have ever been reported.19,37

Because it is difficult to quantify the above three character-
istics and numerous combinations of the host clay, organo-
cation, and adsorbate are possible, constructing a theoretical
model to estimate the adsorbed amount in the organoclay is
unrealistic. In contrast, machine learning is a promising
approach, where the value of the objective variable is expected
to be estimated by that of explanatory variables in the
dataset.38−41 In other words, the adsorbed amount is estimated
from the experimental condition such as the compositions of
the host clay and the molecular species of the organocation
and adsorbate. Such an estimation will lead to a cost-effective
design of the organoclay with superior adsorption properties.
In the present study, we constructed estimation models of

the adsorbed amount by collecting adsorption isotherm data of
the organoclay from the literature. Correction of the adsorbed
amount data by the Langmuir or Freundlich equation and the
following construction of the models at various equilibrium
concentrations by random forest regression resulted in good
consistency of the estimated adsorbed amount with the test
data. Feature importance analysis suggested that the
composition of the host clay should be carefully considered
when the equilibrium concentration is low, while the
organocation becomes significant at high concentrations.

2. METHOD
2.1. Dataset. Eighty adsorption isotherms containing 573

adsorbed amount data were collected from the literature by
using SciFinder.14,16,19−29 The value of the adsorbed amount
and the corresponding equilibrium concentration were
obtained by Engauge Digitizer.42 The dataset contains
information of the host clay, organocation, adsorbate, and
experimental conditions. A set of data was not included in the

dataset if any of the following data cannot be derived from the
literature. In the dataset of the host clay, the composition of
the tetrahedral and octahedral moieties, CEC, and Li
substitution ratio are included. For the organocation, simplified
molecular input line entry system (SMILES), dipole moment,
the number of atoms, and the exchange amount in meq/100 g
clay are included in the dataset. For the adsorbate, the
SMILES, dipole moment, logP, the number of atoms, the
adsorbed amount, and the corresponding equilibrium concen-
tration are included in the dataset. For other experimental
conditions, the temperature and exchange ratio (i.e., exchange
amount/CEC) are included. All the data in the dataset were
obtained from the corresponding literature except the values of
logP and dipole moment. The value of logP was cited from the
database in SciFinder. The value of the dipole moment of the
organocation and adsorbate was calculated by quantum
chemical calculation, where the geometry is optimized at the
DFT/GGA-PBE level by using the DMol3 package (BIOVIA,
Inc.).43 In the 573 adsorbed amount data in the dataset, 16
host clays with the different CEC, 18 organocations, and 15
adsorbates are included.
2.2. Model Construction. The 80 adsorption isotherm

data in the dataset were divided into two groups at a ratio of
7:1. The adsorbed amount data in the 70 isotherms were used
as the training data for the model construction, while the rest
was used as the test data to evaluate the predictive ability of the
model. The organocation and adsorbate expressed by the
SMILES were converted into molecular descriptors by using
RDKit (version: 2021.03.5) with Python (version: 3.6.13).45,46

The adsorbed amount was used as the objective variable (y).
To determine the explanatory variables, the standard deviation
of the RDKit descriptors was examined. The descriptors were
excluded from the explanatory variables if their standard
deviation is zero. The rest and other parameters of the host
clay and others described above were used as explanatory
variables. The total number of explanatory variables was 250.
The explanatory variables are schematically illustrated in
Figure 1.

In the model construction, random forest regression was
applied to the training data, where the feature importance of
the model is also obtained, enabling us to discuss the
significance of each component shown in Figure 1. The
hyperparameters were determined by fivefold cross-validation
with Optuna,44 and their combination was determined by the
R2 value. The optimized hyperparameters and their ranges are
listed in Table S1. In the present study, the models were
constructed by two different approaches. One is called the raw
approach, where the adsorbed amounts obtained from the
literature were used as the training data without further
modifications. In this approach, the number of training data
was 504. The other is called the correction approach, where
the raw data were preliminarily fitted by the Langmuir or
Freundlich equation:

Figure 1. Schematic illustration of the explanatory variables.
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where W, WS, a, and C in eqs 1 and 2 represent the adsorption
amount, saturated adsorption amount, adsorption equilibrium
constant, and equilibrium concentration, respectively. KF and n
in eq 2 represent adsorption constants. The equation with a
higher R2 value was used in each adsorption isotherm, and the
adsorbed amount, W, at the equilibrium concentrations of 1,
10, 25, 50, 75, and 100 mg L−1 was calculated by using the
values of a and Ws or KF and n. Of the 80 adsorption
isotherms, the 46 isotherms were fitted by the Langmuir
equation, while the rest were fitted by the Freundlich equation.
This fitting process is also supposed to be effective to minimize
the error of the experimental value. Finally, the models were
constructed at each equilibrium concentration. Thus, the
number of the training data was 70. We note that the
explanatory variables do not include the equilibrium
concentration in the model construction by the correction
approach. The models constructed by the raw and correction
approaches were examined on the basis of R2 and mean
absolute error (MAE).

3. RESULTS AND DISCUSSION
3.1. Validity of Models Constructed by Two

Approaches. Figure 2 shows the estimation results of the

training and test data with the model constructed by the raw
approach. The R2 and MAE values are listed in Table 1. The
test plots are mostly located below the diagonal line, indicating
that the absorbed amount is poorly estimated by the raw
approach. This result may be ascribed to the similarity of the
training data: when more than one adsorbed amount data are

collected in the same adsorption isotherm, their explanatory
variables are almost the same because the same host clay,
organocation, and adsorbate are used in the adsorption
experiment as well as the experimental conditions such as
temperature. In other words, the only difference in the
explanatory variables is the equilibrium concentration.
Consequently, it is difficult to estimate the adsorbed amount
with high accuracy. Comparison of the estimated y with the
corresponding adsorption isotherm will be demonstrated in the
next section.
Figure 3 shows the estimation results of the training and test

data with the models constructed by the correction approach.
Compared to the results of the raw approach shown in Figure
2, the plots of the test data are mainly located on or close to
the diagonal line, suggesting that the adsorbed amount is
estimated well. The R2 and MAE values in the correction
approach are summarized in Table 1. In all the equilibrium
concentration models, the MAE value of the test data is smaller
than that by the raw approach. The R2 value is also improved
in the 1, 25, 50, 75, and 100 mg L−1 models. It is true that the
R2 value in the 10 mg L−1 model is comparable to that
obtained by the raw approach, but the MAE value is
significantly lowered. In addition, the abovementioned
similarity in the raw approach is excluded in the correction
approach by constructing the models at each equilibrium
concentration. Thus, it is concluded that the correction
approach is better to estimate the adsorbed amount of the
organoclay than the raw approach.
In the dataset, 84% of the host clay is montmorillonite with

the different CEC, and 86% of the adsorbate is the quaternary
ammonium ion containing the linear alkyl or phenyl group. All
the adsorbates in the dataset are substituted benzenes or
heterocyclic compounds. Thus, it is suggested that our model
should be applicable to the adsorption of simple aromatic
compounds by the organoclay composed of montmorillonite
and the quaternary ammonium ion. The reliability of the
model will be discussed in the next section by comparison of
the estimated adsorbed amount with the experimental data
corrected by the fitting analysis.
3.2. Consistency of the Estimated Adsorbed Amount

with the Experimental Data. Figures 4 and 5 show
estimation results of the test data with the models by the
raw and correction approaches, respectively. In Figure 4a,b, the
positive correlation is not reproduced between the equilibrium
concentration and the adsorbed amount. The estimated value
is lower than the experimental value and does not change
significantly as the equilibrium concentration is increased due
to the similarity of the input data. In contrast, the positive
correlation is observed by the correction approach, as shown in
Figure 5a,b, where the plots of the estimated adsorption

Figure 2. Correlation between the actual y values and the estimated y
values in the model constructed by the raw approach. Blue circles and
red squares represent the training and test data, respectively.

Table 1. R2 and MAE Values in Models Developed by the Raw and Correction Approaches

R2 MAE

approach equilibrium concentration/mg L−1 training test training test

raw 0.788 0.184 10.152 14.913
correction 1 0.965 0.384 0.825 2.076

10 0.943 0.138 2.093 7.416
25 0.899 0.480 3.837 9.831
50 0.863 0.674 6.995 10.687
75 0.902 0.725 9.493 10.351
100 0.904 0.683 12.996 11.710
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amount are located close to the corresponding Langmuir or
Freundlich adsorption isotherms obtained by the fitting
analysis of the raw adsorbed amount data. The difference is
within the MAE value. In other words, the adsorbed amounts
are sufficiently estimated at each equilibrium concentration by
the correction approach.
Because the estimation plots shown in Figure 5 well

reproduce the corresponding adsorption isotherm within the
MAE values, usage of the RDKit descriptors is found to be
effective to represent the organocation and adsorbate. Our
model is also applicable to the reduced-charge host clay shown
in Figure 5b, whose CEC is reduced by introduction of Li+ into

the clay layer. Furthermore, it is notable that the adsorbed
amounts are well estimated despite different adsorption
mechanisms. In the adsorption isotherm shown in Figure 5a,
the siloxane surface of montmorillonite serves as the
adsorption site of toluene, while trimethylphenylammmonium
ions indirectly affect the adsorption and are pillars to provide
enough gallery height for the intercalation.14,27 The same
mechanism is proposed in the adsorption of butylbenzene
shown in Figure 5b. In the adsorption of caffeine and alachlor
shown in Figure 5c,d, the adsorption mechanisms are different
from those of toluene and butylbenzene described above as
well as the type of the adsorption isotherm: Caffeine is

Figure 3. Correlation between the actual y values and the estimated y values in the models of (a) 1, (b) 10, (c) 25, (d) 50, (e) 75, and (f) 100 mg
L−1 constructed by the correction approach, respectively. Blue circles and red squares represent the training and test data, respectively.

Figure 4. Estimation of the adsorbed amount of organic molecules in the organoclay by the raw approach: (a) toluene in
trimethylphenylammmonium-modified montmorillonite with 90 meq/100 g CEC, (b) buthylbenzene in trimethylphenylammmonium-modified
Li+-containing montmorillonite with 130 meq/100 g CEC, (c) caffeine in benzylammonium-modified montmorillonite with 119 meq/100 g CEC,
and (d) alachlor in benzyltriethylammonium-modified montmorillonite with 80 meq/100 g CEC. The red circle and black square represent the
adsorbed amounts estimated by the random forest and observed experimentally. Detailed experimental conditions are written in ref 14 for (a) and
(b), 19 for (c), and 22 for (d).
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adsorbed effectively due to the interaction both with
benzylammonium ions and siloxane surface, while the
interaction with the siloxane surface, π−π interaction, and
hydrogen bonding with benzyltriethylammonium ions are
thought to induce the adsorption of alachlor, where the size
and shape of the organocation are also not negligible.19,22

Summarizing these results, it is revealed that the adsorbed
amount in the organoclay is estimated on the basis of its
composition.
Our results demonstrate that understanding of neither the

detailed interlayer morphology nor the adsorption mechanism
in the individual adsorption system is necessary to estimate the
adsorbed amount. This fact is beneficial because it is difficult
experimentally to elucidate the nanostructure and interaction
in the organoclay swelled by water. It is true that the molecular
dynamics method may be a promising approach to investigate
the nanoscopic morphology,47 but the water content in the
organoclay cannot be determined without thermal gravimetry
analysis (TGA) data, as pointed out previously.48 The TGA
data are available in some organoclay such as montmorillonite
modified with trimethylammonium ions and hexadecyltrime-
thylammonium ions, but hugely limited.35,49 In the present
study, however, the adsorbed amount is estimated by the
information of the host clay, organocation, adsorbate, and
experimental conditions, which is easily derived from the
literature. Therefore, it is concluded that machine learning is a
superior method to estimate the adsorbed amount in the
organoclay.
3.3. Feature Importance and Relation with Each

Concentration Model. Figure 6 shows the top 10 feature
importances in each model. In the models of ≤50 mg L−1, the
organocation exchange amount/CEC, Li substitution of the
clay, CEC of the clay, and the exchange amount of the
organocation are listed, indicating that the adsorbed amount is

significantly affected by the composition of the organoclay. In
contrast, these explanatory variables are not listed in the
models of 75 and 100 mg L−1, and the molecular descriptors
obtained by the RDKit appear. Because only the top 10
features are listed among the 250 explanatory variables, it is
unclear how much each component shown in Figure 1 affects
the adsorbed amount in each equilibrium concentration model.
Thus, the significances of the clay, organocation, adsorbate,
and others are evaluated by adding the values of the feature
importance individually.
Figure 7 shows the correlation between the feature

importances of the clay, organocation, adsorbate and others
and the equilibrium concentration of the model. In the models
of ≥50 mg L−1, the adsorbed amount is found to be
determined mostly by the organocation and adsorbate,
suggesting that their combination is highly important to
improve the adsorption property of the organoclay. This result
is consistent with the well-known fact that the organocation
should be carefully selected in the design of the organoclay.
For example, the effect of the organocation on the adsorbed
amounts of phenol and chlorophenols is reported previously in
bentonite modified with hexadecyltrimethylammonium ions,
hexadecylpyridinium ions, trimethylphenylammmonium ions,
and tetramethylammonium ions.36 In contrast, the ratio of the
clay is relatively large in the models of ≤25 mg L−1, while that
of the organocation gets small correspondingly. This result
suggests that the composition of the host clay should be paid
attention to when the equilibrium concentration is low. The
effect of the CEC of the host clay on the adsorbed amount is
often investigated focusing on the pore volume of the
interlayer:19,25,28 Neostigmine-modified saponite with the
CEC of 71 meq/100 g adsorbs caffeine, while montmorillonite
with the CEC of 119 meq/100 g does not. A similar result is
also reported in the adsorption of 2,4-dichlorophenol, where

Figure 5. Estimation of the adsorbed amount of organic molecules in organoclay by the correction approach: (a) toluene in
trimethylphenylammmonium-modified montmorillonite with 90 meq/100 g CEC, (b) buthylbenzene in trimethylphenylammmonium-modified
Li+-containing montmorillonite with 130 meq/100 g CEC, (c) caffeine in benzylammonium-modified montmorillonite with 119 meq/100 g CEC,
and (d) alachlor in benzyltriethylammonium-modified montmorillonite with 80 meq/100 g CEC. The red circle and black dotted line represent the
adsorbed amounts estimated by the random forest and the adsorption isotherm of the test data, respectively. Detailed experimental conditions are
written in ref 14 for (a) and (b), 19 for (c), and 22 for (d).
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methylviologen is used as the organocation. The introduction
of Li+ into the host clay is also known to greatly increase the
adsorbed amount of the aromatic hydrocarbons, especially at
the low equilibrium concentration because the CEC is lowered
by the decrease in the layer charge.14 Our result that the host
clay is relatively important at the low equilibrium concen-
tration is consistent with the abovementioned experimental
findings. Therefore, it is concluded that the organocation is
generally important to maximize the adsorbed amount, and the
composition of the host clay is also paid attention to when the
equilibrium concentration is low.

4. CONCLUSIONS
In the present study, we demonstrated that the adsorbed
amount in the organoclay is predictable by constructing the
estimation model by the random forest regression. The model
constructed by using the raw adsorption data was simple but

Figure 6. Top 10 feature importance in each model: (a) 1, (b) 10, (c) 25, (d) 50, (e) 75, and (f) 100 mg L−1, respectively. Labels in gray, green,
blue, and black represent the clay, organocation, adsorbate, and others, respectively. Definition of the listed variables is explained in ref 45.

Figure 7. Correlation between the feature importance and
equilibrium concentration of the model. Gray, green, blue, and
black bars represent the clay, organocation, adsorbate, and others,
respectively.
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not suitable. The R2 and MAE values were insufficient, and the
changes in the adsorbed amount by the equilibrium
concentration were not reproduced due to the similarity of
the input data. This problem was solved by the model
construction at the individual equilibrium concentration after
the correction of the adsorbed amount by the Langmuir or
Freundlich equation. The adsorbed amount was estimated
within the MAE value by the correction approach in various
organoclay adsorption systems despite different adsorption
mechanisms. In other words, the estimation was achieved
without physicochemical understanding of the organoclay
including the nanostructure and molecular interaction.
According to the feature importance analysis, the significance
of the clay, organocation, adsorbate, and other experimental
conditions is dependent on the equilibrium concentration.
When the equilibrium concentration is relatively high, the
adsorbed amount is determined mainly by the combination of
the organocation and adsorbate while the clay is becoming
important as the concentration is low. Therefore, it was
concluded that machine learning is a promising method to
estimate the adsorbed amount in the organoclay and also
suggests a rational strategy for optimization of the materials
design without performing experiments.
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